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Recently reporting inCell, Laurell et al. (2011) demonstrate that the hyperphosphorylation of vertebrateNup98
by distinct mitotic kinases contributes to its release from nuclear pores, drives nuclear envelope permeabili-
zation, andmay provide amolecular switch coordinating nuclear envelope breakdown and spindle formation.Nuclear pore complexes (NPCs) are
anchored in the nuclear envelope (NE),
forming selective gates facilitating the
bidirectional translocation of nuclear
transport receptor-associated cargos
but restricting the diffusion of nonspe-
cific macromolecules. NPCs consist of
multiple copies of 30 different proteins
(nucleoporins, or Nups). The specific
details remain a matter of debate, but it
is now well established that a subset of
nucleoporins, the FG-Nups (phenylala-
nine-glycine repeat-containing Nups),
are instrumental in the selective perme-
ability of NPCs (Walde and Kehlenbach,
2010). Alteration of this barrier during
the ‘‘open’’ mitosis of metazoans is
an early event, slightly preceding bulk
disassembly of soluble NPC constitu-
ents, followed by the retraction of the
NE membranes into the endoplasmic
reticulum.
Among the FG-Nups contributing to
the permeability barrier of the NPC,
Nup98 was a likely candidate whose
phosphorylation could contribute to an
early stage of NPC disassembly. Verte-
brate Nup98 is highly phosphorylated
during mitosis (Macaulay et al., 1995)
and is the first (or one of the first) nucleo-
porin(s) that disassembles from the
NPC during prophase (Dultz et al.,
2008). Moreover, in the partial NPC disas-
sembly occurring during the ‘‘semi-
closed’’ mitosis of Aspergillus nidulans,
NimA kinase activity has been shown to
be correlated with Nup98 phosphoryla-
tion and its release from the NPC (De
Souza et al., 2004). During interphase,
the dynamic association of Nup98 with
NPCs involves both the Nup98 C-terminal
domain, which interacts with Nup96 and
Nup88, and its cohesive GLFG repeats
(Griffis et al., 2003; Figure 1).In this new study, Laurell et al. (2011)
explored the contribution of Nup98 and
mitotic kinases to NEBD further by simul-
taneously following NPC disassembly
(using GFP-tagged Nup58, a central FG-
Nup, as a reporter) and the passive influx
of a fluorescent dextran after the addition
of mitotic extracts to semipermeabilized
cells. Using this in vitro assay, they
demonstrated that, in addition to cyclin-
dependent kinase 1 (CDK1; Muhlhausser
and Kutay, 2007), NIMA-related kinases
(Nek-6 and -7) were required for timely
nuclear permeabilization in mammalian
cells. This conclusion was supported by
in vivo studies revealing an extended
time lag between the onset of chromatin
condensation and nuclear reporter efflux
in Nek6/7-depleted cells.
Extensive mass-spectrometry analysis
of Nup98, purified from mitotic or inter-
phase extracts, enabled these authors to
identify 13 phosphorylation sites, most
matching the consensus target sequences
of CKD1, Nek, or Plk1 kinases (Figure 1).
Most of these sites were confirmed to be
mitosis specific and/or in vitro substrates
of Cdk1 or Nek6. The use of a phospho-
dependent antibody further revealed the
presence of phosphorylated Nup98 in
NPCs, associated with modest changes
in the NE permeability barrier (appearance
of a nuclear 3GFP-NLS fusion in the cyto-
plasm), suggesting that NPC disassembly
might be a stepwise process. Laurell et al.
then evaluated the functional conse-
quences of Nup98 hyperphosphorylation,
by generating phosphomimetic (PM)
mutants of Nup98 in which either the four
identified Nek-dependent serines or all 13
identified phosphorylation sites were
mutated to glutamic acid. In transfection
experiments, both mutants were ineffi-
ciently targeted to NPCs. The moreDevelopmental Cell 2pronounced phenotype of the Nup98-
13PM mutant further suggested that
Nup98 hyperphosphorylation might
contribute to its efficient release from
NPCs. Consistent with this hypothesis,
a phosphorylation-deficient mutant (all
13 identified serines mutated to alanines)
persisted for longer at NPCs in late
prophase than the corresponding wild-
type protein. Dextran influx was also
strongly delayed in these GFP-Nup98-
13A-expressing cells.
This study by Laurell et al. therefore
provides the first demonstration that
nucleoporin phosphorylation drives NPC
disassembly and NE permeabilization at
the onset of mitosis and highlights the
key contribution of Nup98 to the mainte-
nance of the NPC selectivity barrier.
Primary phosphorylation of Nup98,
possibly favored by its dynamic associa-
tion with NPCs, may subsequently pro-
vide mitotic kinases with easier access
to other Nup98 phosphorylation sites
or to other nucleoporins. Conversely,
Nup98 release from NPCs in prophase
may be facilitated by the simultaneous
phosphorylation of its NPC anchors. The
requirement for at least three different
mitotically activated kinases for full
Nup98 and/or NPC phosphorylation may
ensure that NPCs are dismantled only
after the correct activation of all the
kinases, thereby coordinating NEBD with
other mitotic events.
A growing number of nucleoporins have
been implicated in various stages of
mitosis, including spindle formation,
kinetochore assembly, and checkpoint
signaling (Wozniak et al., 2010). Laurell
et al. (2011) therefore suggested that the
mitotic phosphorylation of Nup98 might
cause a switch of its function, from a
nuclear transporter to a mitotic regulator.0, March 15, 2011 ª2011 Elsevier Inc. 281
Figure 1. Mitotic Phosphorylation of Nup98 May Contribute to Coordinate NPC Disassembly and Spindle Assembly
The 13 phosphorylation residues identified by Laurell et al. (2011) are indicated by stars and colored according to the mitotic kinases shown or expected to phos-
phorylate them. Mitotic hyperphosphorylation leads to Nup98 release from NPC, likely by inhibiting () the interaction of its C-terminal domain (red line) with NPC
anchors (Nup96 and Nup88) (note that Nup96 is produced through autoproteolytic cleavage [arrowhead] of a precursor protein that also generates Nup98.
Dashed areas on Nup98 and Nup96 represent this autoproteolytic domain). Phosphorylation may also independently promote (+) Nup98 recruitment to micro-
tubules (MT), thereby contributing (via amino acids 506–774, blue line) to its function in spindle assembly (Cross and Powers, 2011). Rae1, another binding partner
of Nup98, is also required for spindle assembly (GLEB:Gle2/Rae1 binding site). The inset shows a schematic representation of a vertebrate NPC, highlighting the
dynamics of Nup98 and the relative localization of its main binding partners.
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thought to rely on its association with
Rae1, a nucleoporin involved in spindle
assembly and checkpoint activity during
mitosis (Figure 1; Wozniak et al., 2010).
Interestingly, a previously uncharacter-
ized domain of Nup98 (amino acids
506–774) has meanwhile been shown
to regulate bipolar spindle assembly in
Xenopus egg extracts (Cross and Powers,
2011). This domain was also found to
interact with microtubules and to promote
microtubule growth by antagonizing
the depolymerization activity of the kine-
sin MCAK (Cross and Powers, 2011).
Importantly, nine of the 13 Nup98 phos-
phorylation sites reported by Laurell
et al. (2011) specifically map to this
domain (Figure 1). These data, and the
identification of Nup98 in the phospho-
proteome of the mitotic spindle (Santa-
maria et al., 2011), suggest that the
mitotic phosphorylation of Nup98 may
promote or be required for its MT-binding
and spindle assembly function, although
this remains to be demonstrated. As
Nup98 is dynamically associated with282 Developmental Cell 20, March 15, 2011 ªNPCs, its release from NPCs during
prophase may also possibly be driven, in
addition to its dissociation from NPC
anchors, by its phosphorylation-mediated
recruitment to mitotic microtubules.
In conclusion, beyond providing the
first demonstration of a key role for nucle-
oporin hyperphosphorylation in early
stages of NEBD, the study of Laurell
et al. (2011), combined with the data
from Cross and Powers (2011), provides
a stunning model of phosphorylation-
driven coordination between NEBD and
spindle formation. This model remains to
be confirmed, but this pioneering analysis
will undoubtedly stimulate further exciting
studies, increasing our understanding
of the intricate connections between
nucleoporin phosphorylation and mitotic
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